ABSTRACT: A series of ferrocenyl (Fc = ferrocenyl; fc = ferrocen-1,1'-diyl) and biferrocenyl (Bfc = 1',1''-biferrocenyl; bfc = 1',1''-biferrocen-1,1'''-diyl) mono-and biscarbene tungsten(0) complexes of the type [(CO) 5 W=C(OMe)R] (1, R = Fc; 3, R = Bfc) and [(CO) 5 W=C(OMe)-R'-(OMe)C=W(CO) 5 ] (2, R' = fc; 4, R' = bfc) were synthesized according to the classical synthetic methodology by reacting W(CO) 6 with LiR (R = Fc, fc, bfc), followed by a subsequent alkylation using methyl trifluoromethanesulfonate. Electrochemical investigations were carried out on these complexes to get a closer insight into the electronic properties of 1 -4. The ferrocenyl and biferrocenyl moieties in 1 -4 show reversible one electron redox events. It was further found that the Fischer carbene unit is reducible in an electrochemical one electron transfer process. For the tungsten carbonyl moieties, irreversible oxidation processes were found. In addition, charge transfer studies were performed on 1 -4 by the use of in situ UV-Vis-NIR and infrared spectroelectrochemical techniques. During the UV-Vis-NIR investigations typical low energy transitions for the mixed-valent biferrocenyl unit were found. A further observed high energy NIR absorption is attributed to a metal-metal charge transfer transition between the tungsten carbonyl fragment and the ferrocenyl/biferrocenyl group in the corresponding oxidized states, which can be described as class II systems according to Robin and Day. This assignment was verified by infrared spectroelectrochemical studies. The electrochemical investigations are supported by DFT calculations. The structural properties of 1 -4 in the solid state were investigated by single-crystal Xray diffraction studies showing no substituent effects on bond lengths and angles. The biferrocenyl derivatives exhibit synconformation of the ferrocenyl and carbene building blocks.
Metal-Metal Interaction in Fischer Carbene

INTRODUCTION
Since the first synthesis of transition metal alkyidene complexes of type (CO) 5 M=C(OMe)R (M = Cr, W) by Fischer and Maasböl in the early-1960s, this family of compounds received popularity, as they are fascinating molecules and powerful tools in organic and organometallic chemistry. 1 The Dötz benzannulation reaction and the Aumann reaction procedure, a simple approach to metallaolefins, are examples of their varied application in chemistry.
2 By incorporating a ferrocenyl substituent with known applications in molecular sensors, 3 energy transfer processes 4 and anti-cancer drugs, 5 the application of Fischer carbene complexes could be extended beyond their traditional use as ligands employed for organic transformations 6 and as auxiliary ligands in catalysis, 7 to design new push-pull systems with interesting non-linear optical (NLO) properties. 8 It is well known that the ferrocenyl moiety as a redox-active group displays high stability in the neutral as well as the oxidized state during one-electron transfer processes. 9 Such ferrocenyl systems are ideal for studying electronic interactions by applying electrochemical and spectroelectrochemical techniques; these are efficient instruments to investigate charge transfer transitions between the separated metal entities. 10 This phenomenon is almost unexplored in Fischer carbene complexes.
11 Moreover, studies in general concerning ferrocenyl-and biferrocenylfunctionalized Fischer carbene complexes are limited in the literature. 12, 13 We report herein the synthesis and characterization of a series of ferrocenyl (1, 2) and biferrocenyl (3, 4) tungsten(0) Fischer carbene complexes. Concerning the investigation of charge transfer transitions between the metallocenyl increments and the Fischer carbene units, the electrochemical and spectroelectrochemical properties of these species are discussed. These investigations are supported by computational studies.
Results and Discussion
Synthesis and Characterization. The tungsten Fischer carbene complexes 1 -4 were prepared using the classical Fischer carbene synthetic methodology in which W(CO) 6 was reacted with LiR (R = Fc, fc, bfc; Fc = ferrocenyl, fc = ferrocen-1,1'-diyl, bfc = 1',1''-biferrocen-1,1'''diyl) to form the corresponding metal acylate, followed by a subsequent alkylation via addition of methyl trifluoromethanesulfonate (MeOTf) (Scheme 1, Experimental Section). Complex 1 has been previously prepared, 14 but single X-ray diffraction data have not been reported.
The lithiated ferrocenyl/biferrocenyl species were generated in situ from ferrocene or dibromobiferrocene by lithiation or lithium-bromine exchange reaction according to literature procedures (Scheme 1). 15, 16 After purification by column chromatography, complexes 1 -4 could be isolated as deep red to dark maroon solids and are very stable in the solid state as well as in solution toward moisture and air.
Complexes 1 -4 were characterized by elemental analysis, IR and NMR ( 1 H, 13 C{ 1 H}) spectroscopy, X-ray diffraction and mass spectrometry. Electronic effects of the carbene substituents can be followed in solution by IR and especially NMR spectroscopy. The electron withdrawing effect of the pentacarbonyl metal carbene moiety leads to a significant downfield shift of the resonances for the H α protons (Figure 1 ) in 1 -4 (4.80 -5.00 ppm), compared to the value for ferrocene (4.15 ppm) . 17 This is attributed to the π-delocalization of the positive formal charge onto the ferrocenyl substituent which aids in stabilizing the electrophilic carbene carbon atom, in addition to its inductive donating effect ( Figure 1 ). A comparison of the H α 1 H NMR signals between complexes 1 -4 as well as the ν(CO) stretching frequencies (A 1 ") reveal no significant differences, due to similarity of the carbene complexes (Table 1) . (Table 2, Figures 2 and SI-1). The significant anodic shift of this redox event, relative to ferrocene, demonstrates the electron withdrawing effect of the Fischer carbene moiety. Computational studies were carried out to verify the nature of the observed redox processes. The solvent effects on the ionization energies were taken into account with the conductor like screening model (COSMO) using ε = ∞ (Table 3, Figure  3 ). As a result from the DFT calculations, the oxidation potential for the first oxidation in 1 was calculated to 0.3 V (Table 3) . Considering the moderate level of theory, the theoretical value is in good agreement compared with the experimental value (E ox-onset = 0.22 V) as well as with other considerations regarding a correlation between the electrochemical measurement and ionization energies. Table   Table 2 generation of the monocationic species 1 + a decrease of these bands takes place together with an increase of absorptions at 1956 cm -1 and 2076 cm -1 , respectively (Table 4 and Figure 5 , top left). The limited shift of the W(CO) 5 carbonyl stretching frequencies on oxidation is the result of conjugative and inductive effects that operate in stabilizing the positive charge on the iron nucleus by the metal carbene. Hence, the reduced back-bonding abilities of the Fc + substituent to the carbonyl carbon atoms (compared to neutral Fc) leads to an increasing of the CO bond strengths and results in larger stretching frequencies ( Figure 5 ). The observed carbonyl stretching frequencies are in good agreement with the calculated infrared spectra for 1 and the corresponding monocation ( Figure SI-4) . Moreover, the difference (Δν = 13 cm -1 ) between the two observed frequencies, 2063 cm -1 (1) and 2076 cm -1 (1 + ), for the total symmetrical carbonyl stretching mode (A 1 ", vide supra, Figure  SI Table 4 ). Furthermore, the small magnitude of the carbonyl band shifts, compared to shifts of more than 100 cm -1 for a metal carbonyl-based oxidation, indicates an iron based oxidation process and a valence trapped situation in 1 + . Calculation of the spin density distribution for 1 + confirms this conclusion ( Figure 3) . Thus, the interaction between the ferrocenyl unit and the tungsten carbene increment can be described with a weakly coupled class II system according to Robin and Day. 24 The absorption behavior of 2 + during the oxidation of molecule 2 is similar to the corresponding Fischer monocarbene complex 1 ( Table 4 , Figure SI -6) . Absorptions at 3670 cm -1 and 8000 cm -1 could be noticed and are assigned to a ligand field transition and an electronic interaction between the tungsten carbene units and the iron center, too (MMCT, vide supra). The latter transition was observed as being more intense as the corresponding absorption for 1 + , due to the second Fischer carbene substituent on the ferrocenyl moiety. During the infrared spectroelectrochemical investigations of 2, a band at 1959 cm -1 as well as a broad absorption at 2071 cm -1 , the carbonyl stretching frequency (A 1 ", vide supra), could be found upon generation of 2 + ( Figure 4 , Table 4 ). However, the width of the latter band suggests a superposition of two absorptions close together ( Figure 5 ) and would be consistent with a class II electronic coupling behavior according to Robin and Day (vide supra) . 24 A comparison between the observed (Δν 1/2 ) and the calculated band width at half height (Δν 1/2(theo) ) of the MMCT absorption supports this classification (Table 4 ).
Scheme 1. Reaction conditions: (a) (i) tetrahydrofuran (thf)
,
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An enhancement of ferrocenyl complex 1 to a biferrocenyl , to a further intervalence charge transfer transition. 26, 29 However, the latter absorption is very narrow compared to the corresponding value of Δν 1/2(theo) ( Table 4 , Figure SI-7 ). An assignment to a LMCT or a charge transfer assisted ligand field transition is also not uncommon. 25, 30 Furthermore, a similar absorption band, which was found for 1 + and 2 + , attributed to an electronic interaction between the tungsten carbonyl moiety and the iron center, is observed as an ill-pronounced shoulder that could be resolved into a separate peak in a deconvolution procedure ( Figure SI-7 , Table 4 ). The infrared spectroelectrochemical investigations of 3 support this observation, since upon formation of 3 + the initial ν(CO) frequencies (Table 4) shift by only a few wavenumbers to higher energies (1935 cm -1 and 2065 cm -1 , Figure 5 ). Thus, in combination with the electrochemical results, the first oxidation in 3 takes primarily place at the terminal ferrocenyl unit. During the generation of 3 2+ the low energy absorptions in the NIR range disappear and further transitions could be detected at 3510 cm -1 (LF) and around 8200 cm -1 (Table 4 , Figure SI-7) . The latter transition is also associated to a metalmetal charge transfer between the tungsten increment and the Bfc unit. The corresponding infrared absorption behavior during the formation of 3 2+ verifies this conclusion, similar as observed for 1 + (vide supra, Figure 5 ).
A second tungsten Fischer complex fragment on the biferrocenyl building block leads to three NIR absorptions for monocationic 4 + (Table 4, Figure 6 ). The two transitions at lower energies are typical for such mixed-valent biferrocenyl species (vide supra). The intensities are higher as observed for 3 + but weaker than for symmetrical electron donor substituted biferrocenyl systems. 31 The third absorption around 8900 cm -1 can be assigned again to a MMCT transition, caused by an electronic interaction of the tungsten units with the biferrocenyl group in 4 + . Within the infrared spectroelectrochemical studies of 4, a shifting of the initial ν(CO) stretching frequencies from 1930 cm -1 and 2063 cm -1 to formal 1941 cm -1 and 2065 cm -1 is characteristic, whereas an increase of a shoulder at 2071 cm -1 could be observed ( Figure  5 ). This suggests a main localization of positive charge in the biferrocenyl fragment within the infrared timescale corresponding to a weakly coupled class II system according to Robin and Day. 24 Further oxidation to the dicationic 4
2+
leads to absorptions at 1945 cm -1 and an increasing band at 2071cm -1 (A 1 "), thus the small magnitude of carbonyl band shift indicates again a limited delocalization of the positive charge between tungsten moieties and the iron centers (vide supra). This is consistent with the detection of an increasing NIR absorption at 7870 cm -1 (MMCT) upon decreasing of the low energy transitions, caused from intra biferrocenyl electronic interactions, during the formation of 4 2+ (Table 3, Figure 6 ). Finally, a very weak ligand field transition could be observed at 3600 cm -1 , similar as described previously (vide supra, Table 4 and Figure 6 ). 9f,10b,27 Crystallography. The molecular structures of 1 11,25 and 2 -4 in the solid state have been determined by single-crystal X-ray diffraction analysis. 
CT4-C23
31) (42) 39) (29) ocenyl; fc = iferrocenyl; er carbene Fc; 3, R = (2, R' = fc; 4, R' = bfc), is reported with the aim of investigating low energy charge transfer transitions between the transition metal carbonyl fragment and the (oxidized) carbene substituents. For this reason, ferrocenyl and biferrocenyl mono-and bismethoxbismethoxycarbene tungsten(0) complexes 1 -4 were prepared and characterized spectroscopically in solution. Furthermore, the structural properties of 1 -4 in the solid state were investigated by single-crystal X-ray diffraction studies whereby the biferrocenyl derivatives 3 and 4 exhibit a synconformation of ferrocenyl and carbene moiety. The results reveal no substituent effects in the bond-lengths and angles.
The electrochemical studies reveal reversible one electron redox events for the ferrocenyl/biferrocenyl moieties. Moreover, an electrochemical one electron transfer reaction could be found for the reduction of the Fischer carbene units. For the tungsten carbonyl moieties, irreversible oxidation processes could be detected. During the UV-Vis-NIR spectroelectrochemical investigations typical low energy absorptions for the mixed-valent biferrocenyl unit were found. A further observed high energy NIR absorption was attributed to a metal-metal charge transfer transition between the tungsten carbonyl increment and the ferrocenyl/biferrocenyl unit in the corresponding oxidized state and is reported herein for the first time. Finally, verification was made within infrared spectroelectrochemical studies by which the electronic interactions in the corresponding cationic species can be described as those of weakly coupled class II systems according to Robin and Day.
Experimental Section
General Information
All operations were carried out under an inert atmosphere of nitrogen or argon gas using standard Schlenk techniques. Solvents were dried by refluxing over sodium metal (n-hexane and tetrahydrofuran) or phosphorous pentoxide (dichloromethane) and were distilled under nitrogen prior to use. Chemicals were used without further purification unless stated elsewhere. Dibromobiferrocene was synthesized according to a literature procedure. 15 Tetra-n-butylammonium tetrakis(pentafluorophenyl)borate was prepared by metathesis of lithium tetrakis(pentafluorophenyl)borate etherate (Boulder Scientific) with tetra-n-butylammonium bromide according the a published procedure.
34 Purification with column chromatography was done using Silica gel 60 (0.0063 -0.200mm) as stationary phase. A Bruker AVANCE 500 spectrometer was used for NMR recordings.
1 H NMR spectra were recorded at 500.30 MHz and 13 C{ 1 H} NMR spectra at 125.80 MHz. The signal of the solvent was used as reference: 1 H, CDCl 3 at 7.26 ppm and 13 C{ 1 H}, CDCl 3 at 77.16 ppm. Infrared spectra were obtained with a Thermo Nicolet 200 FT-IR spectrometer using a NaCl cell and dichloromethane as solvent. Only the vibration bands in the carbonyl stretching region (1600 -2200 cm -1 ) were recorded. The melting points were determined using a Gallenkamp MFB 595 010 M melting point apparatus. Microanalyses were performed by using a Thermo FLASHEA 1112 Series instrument. Highresolution mass spectra were recorded with a Bruker micrOTOF QII with an Apollo II ESI source.
Synthesis of Fischer carbene complexes 1 -4
[(CO) 5 W=C(OMe)Fc] (1) Ferrocene (3.0 mmol, 0.56 g) was monolithiated according to a literature procedure in tetrahydrofuran (thf) with t BuLi (3.2 mmol).
14 The solution was cooled to -80 o C and W(CO) 6 (3.0 mmol, 1.06 g) was added in a single portion. The color of the solution turned deep red upon addition. The reaction mixture was stirred isotherm for 30 min and then allowed to reach room temperature within 1 h. The solvent was changed to dichloromethane (CH 2 Cl 2 ), cooled to -50 o C and methyl trifluoromethanesulfonate (9.9 mmol, 1.09 mL) added. The reaction mixture was removed from the cold bath and stirred overnight at ambient temperature. Purification of the product was performed by using column chromatography and nhexane as initial eluent. [{(CO) 5 W=C(OMe)} 2 fc] (2) Dilithiation of ferrocene (3.0 mmol, 0.56 g) was done according to methods previously reported with an 1:1 n BuLi/TMEDA solution in n-hexane (6.5 mmol) overnight at ambient temperature. Afterward, the solvent was removed by filtration via cannula and the remaining dilithioferrocene was redissolved in tetrahydrofuran. The resulting solution was cooled to -60 o C and W(CO) 6 (6.0 mmol, 2.11 g) was added in a single portion. After 1 h of isothermal stirring the solution was warmed up to room temperature within 60 min. All volatiles were removed, the residue was redissolved in CH 2 Cl 2 and methyl trifluoromethanesulfonate (20.0 mmol, 2.41 mL) was added at -30 o C after which the reaction solution darkened. The resulting mixture was stirred overnight at ambient temperature. Purification of the crude product was performed by column chromatography using n-hexane as initial eluent. The polarity of the eluent was increased by adding small portions of dichloromethane. Yield 1.51g (85%), dark purple solid. Anal. Calcd. for C 24 (3.0 mmol, 1.58 g) was dissolved in 50 mL of tetrahydrofuran and n BuLi (6.0 mmol) was added slowly at -40 o C. After 30 min of isothermal stirring, W(CO) 6 (6.0 mmol, 2.11 g) was added in a single portion. The solution was kept at -40 °C for an additional hour and then allowed to reach room temperature within 1 h. Afterward, the solvent was changed to dichloromethane and methyl trifluoromethanesultrifluoromethanesulfonate (20.0 mmol, 2.41 mL) was added at -30 o C. The reaction mixture was removed from the cold bath and stirred overnight at ambient temperature. Purification of the product was performed by column chromatography using n-hexane as initial eluent. The polarity of the eluent was increased by adding small portions of dichloromethane. Complexes 3 and 4 were purified and separated with column chromatography and gradient elution. 35 When decamethylferrocene was used as an internal standard, the experimentally measured potential was converted in to E vs FcH/FcH + by addition of -0.61 V. 37 The cyclic voltammograms were taken after typical two scans and are considered to be steady state cyclic voltammograms, in which the signal pattern differs not from the initial sweep. Finally, the experimental data were processed on Microsoft Excel worksheets.
Computational Details. All quantum chemical calculations were performed with TURBOMOLE 6.3.1.
37 After the initial guess the Kohn-Sham equations were converged in the small def-SV(P) 38 basis set using a damping factor of 20 and Fermi smearing. After this step a geometry optimization was performed. Next the structures were optimized at the PB86/def2-TZVP 37,39 level of theory using the m5 grid. In all calculations density fitting was applied. 40 The final stationary points were characterized by analyzing the hessian matrix.
41
The final energy evaluations were performed with the B3LYP 38,42 hybrid functional in combination with the def2-TZVP basis set. To include the solvent effects the COSMO 43 solvation model with ε = ∞ was applied. The reported relative energies include the zero point energy correction from the gas phase at the BP86/def2-TZVP level of theory.
Single-Crystal X-ray Diffraction Analysis. Crystal data for 1 -4 are summarized in Table SI-1 (Supporting Information). Data were collected with an Oxford Gemini S diffractometer at 100 K using Mo-Kα (λ = 0.71073 Å) radiation. The structures were solved by direct methods using SHELXS-97 and refined by full matrix least-square procedures on F2 using SHELXL-97. 44, 45 All non-hydrogen atoms were refined anisotropically and a riding model was employed in the refinement of the hydrogen atom positions.
Crystallographic data (excluding structure factors) for the structures in this paper have been deposited with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies of the data can be obtained free of charge on quoting the depository numbers CCDC-949877 (1), 949876 (2), 949878 (3) and 949875 (4) (Fax: +44-1223-336-033; E-Mail: deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).
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Figure SI-6. UV-Vis/NIR spectra of 2 at rising potentials (-100 to 1000 mV). Top: 300 -800 nm. Middle: 500 -3000 nm. Bottom: deconvolution of NIR absorptions at 1000 mV, using three distinct overlapping transitions with 
